Summary. The effects of the spatial pattern of defoliation within a tussock grass, Agropyron desertorum, were investigated at a semiarid field site. In the middle of the spring growing season (mid-May), tussocks were clipped in repeatable defoliation patterns, and the regrowth of foliage was monitored. These clipping patterns involved removal of foliage from different locations within the tussock, but the total amount of foliage removed was held constant. Active meristems were left intact in all cases. The spatial pattern of defoliation affected both initial rates of tussock regrowth and total growing-season aboveground biomass production. When leaves were removed low in the tussock (older leaves), regrowth was greater than after removal of the same quantity of foliage high in the canopy (younger leaves). These differences in regrowth were due to differences in the rate of new tissue production rather than differences in the timing of senescence. The results were consistent over two years even though aboveground production differed considerably between years. The interaction of the spatial pattern and timing of defoliation was also studied by clipping additional plants in late May. The timing of defoliation affected the relative influence of different defoliation patterns on regrowth. In those defoliation patterns where active meristems were not removed in the late-May clipping, there were no differences in regrowth of tussocks which had either upper or lower foliage removed. However, because the grass culms had elongated by late May, active meristems were higher and were removed by one of the defoliation pattern treatments (a uniform clipping). This resulted in much less regrowth. Differences in the effects of clipping patterns applied in late May were associated with this removal of active meristems. Whereas, differences among clipping treatments following the earlier mid-May defoliation were probably a result of changes in factors which affected tussock carbon gain (e.g., light interception, foliage age structure). In either case, the spatial pattern of defoliation within a tussock grass clearly had significant effects on aboveground regrowth.
The relative contribution of each leaf to the carbon economy of a whole plant changes substantially over the lifetime of that leaf (Mooney and Gulmon 1982) . Thus, changes in the age structure of leaves imposed by partial defoliation may influence plant regrowth (Janzen 1979; McKey 1979; Caldwell 1984; Dirzo 1984; Hartnett and Bazzaz 1986) . Removal of younger foliage should be more detrimental to carbon balance and regrowth than removal of older foliage because younger foliage typically has greater photosynthetic rates and can utilize higher light intensities than does older foliage (Janzen 1979; Dirzo 1984) . Removal of younger leaves has been shown to be more detrimental than removal of older leaves in crops (Stickler and Pauli 1961 ; Brown et al. 1966) , conifers (Kulman 1965) , and understory palms (Dirzo 1984) .
Different spatial patterns of defoliation within a plant might influence regrowth not only because foliage of different age is removed, but also due to effects on canopy structure and the resulting microenvironment of the remaining foliage. Furthermore, some defoliation patterns may result in removal of meristematic tissue critical for rapid regrowth (Briske 1986) .
In this study, we quantified the effect of different spatial patterns of defoliation on regrowth rates, peak standing biomass, and aboveground biomass production of a semiarid-region tussock grass, Agropyron desertorum (Fisch. ex Link) Schult., in the field. This species is an introduced perennial tussock grass from Eurasia planted extensively in western North American rangelands. From growth intiation in the early spring to summer dormancy, A. desertorum is exposed to a variety of herbivores which may defoliate tussocks in various spatial patterns. Large ungulates defoliate grass tussocks from above, removing younger foliage which occupies the upper portion of the canopy. Insect herbivores are often more selective. For instance, Irbisia pacifica (Hemiptera: Miridae) feeds primarily on intermediate-aged leaf blades in the mid-canopy layers of a variety of tussock grasses (Hansen 1987) . Defoliation of A. desertorum by either large grazers or insects can commonly occur anytime from early spring to late fall.
Following springtime snowmelt, A. desertorum produces much foliage while still in a culmless state, resulting in a compact, dense tussock with a large proportion of shaded foliage (Caldwell et al. 1983 ). The tussocks are relatively tolerant of defoliation in this state because rapid regrowth can occur from active apical and intercalary meristems located near the soil surface. Later in the spring, apical and intercalary meristems of A. desertorum are elevated and become susceptible to removal by large grazers. The removal of these meristems results in a large decrease in the rate of foliage regrowth of A. desertorum (Richards and Caldwell 1985; Olson and Richards 1988) . Thus, we examined the response of A. desertorum to defoliation patterns, inflicted both during the period of rapid foliage production prior to meristem elevation (mid-May) and after meristem elevation (late May).
Methods

Study area
The experiments were carried out in a field plot near Logan, Utah (41o45 ' N, 111~ 1460 m above sea level). The plot was a matrix of evenly spaced (0.5 m between plants), alternating Artemisia tridentata ssp. vaseyana (Rydb.) Beetle and Agropyron desertorum plants which were transplanted into the plot in 1978. The Artemisia plants provided a uniform competitive background for the grasses. The average annual precipitation is 468 mm, much of which occurs as snow during winter. The soils consist of rocky Mollisols covering alluvial deposits (Caldwell et al. 1981) .
Defoliation patterns
In 1985, seven tussocks were carefully hand clipped in each of three different spatial patterns. This procedure was repeated with a different set of six tussocks per treatment in t986. Control plants were not defoliated. Immediately prior to defoliation, the vertical distribution of foliage area within each tussock was measured (described below) to ensure that the same proportion of green foliage area (about 60%) was removed (Table 1) . This information was used to calculate the clipping height or number of leaf blades to be removed in order to achieve that defoliation intensity. In the uniform defoliation pattern, all tillers of the tussock were clipped at the same height. For the upper-leaf-bladeremoval pattern (-upper) the uppermost 2 to 3 green leaf blades were removed from each tiller on the plant; for the lower-leaf-blade-removal pattern (-lower) the lowest 2 to 3 green leaf blades were removed. Four to six green leaf blades were present on each tiller before defoliation. These defoliation patterns were not intended to directly mimic actual patterns of herbivory that could be found on A. desertorum in the field since these differ greatly from plant to plant. Rather, these treatments were intended to represent extremes of defoliation patterns that could be effected by herbivores of this species. The uniform clipping was representative of a typical defoliation pattern resulting from large grazers (primarily livestock) (Norton and Johnson 1983) , whereas the other two treatments were extreme cases of more selective removal of leaf blade material which might be effected by insects (e.g., Hansen 1987) . The foliage removed was dried for 48 h at 70~ and weighed. This dry weight was later added to the peak standing biomass to estimate total-season aboveground production.
Clipping prior to meristem elevation (mid-May), in 1985 and 1986 (Table 2 ) left all apical and intercalary meristems intact. In 1985, other tussocks (seven plants per treatment) were clipped after meristem elevation (late May, Table 2 ), resulting in the removal of apical and intercalary meristems by the uniform defoliation pattern. These meristems were not removed by the -upper and -lower patterns.
Foliage area measurement
Changes in the area of tussock green foliage were estimated by measuring changes in the green area of ten permanently marked tillers. Five of the tillers were located in a ring near the center of the tussock and five in a ring near the periphery. Green foliage area of marked tillers was estimated by measuring the length and maximum width of the green portion of every leaf blade and the length and diameter of all green leaf sheaths. The surface area of sheaths was calculated as one-half of the cylinder which they formed by encircling the stem. The surface area of blades (one side) was estimated from linear regression models for clipped blades (n= 86, r2=0.94) and intact blades which were expanded (n=234, r2=0.91) or rolled (n=34, re=0.80). Average changes in the area of marked tillers were regarded as representative of the entire tussock. The number of tillers per tussock ranged from 150 to 350.
Specific growth rate (SGR; Thornley 1976) was calculated for changes in foliage area over two sequential 14-d periods after clipping. The SGR was calculated as
where SA was the green foliage area at times tl and t2. The SGR is a net change in green area which includes the production of new green area and the loss of green area through senescence. The production of new green area on each marked tiller was estimated by summing the changes in green area of only those foliage elements on the tiller that exhibited a net gain in green area over the growth period. Accordingly, senescence was estimated by summing I -v the changes in green area of only those foliage elements which had a net loss in green area. As for SGR, production and senescence are expressed relative to the initial amount I of tussock foliage present to facilitate comparison among E o tussocks with different amounts of foliage. Values of production and senescence were averaged among the ten o4 marked tillers of each tussock. Thus, in this paper, the terms E SGR, growth and regrowth denote net changes in green "~ area, while production refers to positive increments and o senescence to negative increments.
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Aboveground biomass production -~ 2
Peak standing biomass was measured for all tussocks by 9 .04 harvesting and immediately drying (70~ for 48 h) all o ,'7--aboveground plant parts on July 16 and 17 of both years. "~ The ratio of peak standing biomass to preclipping foliage 03~ .00 area (relative biomass production) was used in the analysis to adjust for initial differences in tussock size.
Means of the proportion of foliage removed, growth -.04 rates and relative biomass production were compared with analysis of variance and linear contrasts among the four treatments within each year. References to significant differences indicate values of P < 0.05.
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Defoliation before meristem elevation
When tussocks were clipped prior to meristem elevation (mid-May), the pattern of foliage removal significantly affected regrowth. The specific growth rate (SGR) of -lower plants was significantly greater than the SGR of-upper and uniform-clipped tussocks during the first two weeks of regrowth in both years (Fig. 1) . Also, the SGR for tussocks of all clipping patterns was significantly greater than undefoliated control plants during that same time period. During the second two weeks following defoliation the SGR significantly affected by defoliation or the pattern of defoliation (Fig. 2) . Thus, differences in foliage regrowth among treatments were the result of differences in leaf blades rather than leaf sheaths. Furthermore, because changes in sheath area correspond closely with internode elongation and plant height, the use of plant height as a sole measure of defoliation response would not have given an accurate picture of regrowth differences among the treatments. The higher SGR of clipped tussocks relative to control tussocks during the first two weeks was a result of greater production of new plant material. The differences in production among the clipping patterns paralleled the differences in SGR, whereas there was no consistent differences in senescence among the treatments during this period in both years (Fig. 3) . Foliage production during the second regrowth period was not significantly different among the clipping patterns in 1985. The higher SGR of the -lower plants in the second regrowth period of 1985 (Fig. 1 ) was due to reduced tissue loss. However, the lesser foliage senescence of the -lower tussocks resulted because the leaves undergoing the greatest senescence on tussocks of the other treatments had been removed by the clipping treatment. There was no indication of greater tissue longevity of similar age foliage in the -lower tussocks. In 1986, though, the higher SGR of the -lower plants during the second regrowth period resulted from greater production.
Defoliation pattern had a significant effect on aboveground biomass measured near the end of the growing season (peak standing biomass). Peak standing biomass was reduced by nearly 50% in uniform and -upper plants relative to control plants (Fig. 4A) . Removal of lower leaf blades, however, produced no discernable change in peak standing biomass. Total-season aboveground biomass production was estimated by adding the weight of the plant material clipped off to the peak standing biomass. This was still an underestimate of actual aboveground production because of the senescence and loss of leaf blades prior to the peak standing biomass harvest. Total-season aboveground production was reduced only by about 30% for the uniform and -upper plants compared to control plants, even though 60% of the foliage area had been removed (Fig. 4 B) . This corresponds to partial compensation as defined by Belsky (1986) . Total-season aboveground production by -lower plants was not affected significantly by the 60% foliage removal (i.e. exact compensation, Belsky 1986) . Aboveground production by the -lower plants was not significantly greater than the controls (Fig. 4B) despite the equal peak standing biomass of the -lower and control plants (Fig. 4A) The relative differences in biomass production among treatments were consistent for both years, despite large differences between the years in the absolute amount of production (Fig. 4) . Season-long production was much greater in 1985 than 1986 even though the SGR of tussocks following clipping was similar in those years (Fig. 1) . Therefore, the differences between 1985 and 1986 in season-long production must have arisen from differences in the amount of production prior to clipping. These differences in earlyseason production were probably not due to differences in soil moisture between the two years. In a similar plot located within 50 m of our experimental plot, the differences between the years in average soil water potential within the rooting zone (10, 20, 35, 50 and 80 cm depths) during the spring were less than 0.2 MPa (C. Busso, unpublished Regrowth Period 
Defoliation after meristem elevation
When defoliation took place after meristem elevation (late May), the uniform defoliation removed all active meristems (apical and intercalary), whereas the leaf blade removal treatments (-upper and -lower) left them intact. The results from these later defoliations were substantially different from the mid-May defoliations. Tussocks which had either upper or lower leaf blades removed exhibited higher growth rates than undefoliated plants in the first two weeks following defoliation, but the SGR of uniform defoliation plants was equal to the controls (Fig. 5 A) . During the second two weeks of regrowth -upper and -lower plants had SGR near zero, whereas control and uniform defoliation plants showed a net loss of green foliage area (Fig. 5A) . As in the mid-May defoliation, most of the differences in regrowth responses among treatments occurred in leaf blades rather than sheaths (Fig. 5 B, C) . However, the sheath SGR of tussocks following uniform defoliation was lower than plants of the other treatments due to the cessation of internode elongation of the original tillers following defoliation.
Plants that underwent uniform defoliation produced very little new green foliage area during the first 14 d after late-May clipping (Fig. 6) . Substantial regrowth on these indicate significant (P < 0.05) differences among the means plants eventually occurred 3 to 4 weeks after clipping and originated from previously quiescent axillary buds. During that period, there was an increase in both the production and senescence of tissue on uniform-defoliated plants caused by secondary tiller initiation (from axillary buds) and rapid senescence of the original tillers (Fig. 6 ). There was no secondary tiller production on -upper, -lower, and control tussocks. Late-May defoliation reduced the peak standing biomass of all defoliated plants relative to control plants, regardless of defoliation pattern (Fig. 7 A) . The uniform defoliation pattern caused the most severe reduction in peak standing biomass. The high SGR of-upper and -lower tussocks after clipping (Fig. 5A ) resulted in exact compensation of total-season aboveground biomass production for those treatments (Fig. 7B) . Plants which received a uniform defoliation exhibited a 66 percent reduction in total-season aboveground production relative to control plants. This was remarkably close to the 67% foliage area removal those plants underwent (Table 1 ), indicating that the relative production of the uniform-defoliation plants over the remainder of the growing season following clipping was similar to the control plants (i.e., no compensation, Belsky 1986).
Discussion
The degree of growth compensation for tissues removed by herbivores can vary greatly, depending upon the species and circumstances (McNaughton 1983; Belsky 1986 ). Whereas, the intensity, timing, and frequency of defoliation has been shown to affect regrowth (e.g., Ludlow and Charles-Edwards 1980; Dyer etal. 1982; McNaughton et al. 1983) , little attention has been paid to the importance of the spatial pattern of foliage removal. In this study, we have shown that the spatial pattern of foliage removal from a tussock grass can substantially affect aboveground regrowth. These effects were consistent for two years despite very different amounts of plant production (Fig. 4) . Tussocks which had older leaves (lower in the canopy) removed during rapid growth in mid-May quickly exhibited higher regrowth rates (Fig. 1) and were able to fully compensate aboveground for this defoliation by the time of peak standing biomass (Fig. 4) . Tussocks from which younger foliage (higher in the canopy) was removed had lower regrowth rates and were only able to partially compensate for this defoliation. These results agree with previous work which has shown the removal of younger leaves to be more detrimental than the removal of older leaves (Stickler and Pauli 1961; Kulman 1965; Mendoza et al. 1987) .
Increases in growth can be the result of reduced rates of tissue senescence (e.g., Nowak and Caldwell 1984) and/or increased production of new foliage. Increased longevity of remaining foliage has been suggested as a mechanism for higher growth rates following defoliation (McNaughton 1983) . However, in this study there was no evidence for delayed senescence following mid-May defoliation (Fig. 2) . Instead, regrowth differences among treatments were a result of variation in the production rate of leaf blade area (Figs. 2 and 3) . Furthermore, unequal production of blade area was due to differences in the expansion rate of individual blades because new leaf blades were produced at approximately equal rates on tussocks of all treatments.
The differences in production of photosynthetic surfaces following defoliation in different patterns dearly have important implications for tussock growth and persistence. However, the lack of information on root growth in this study prevents firm conclusions about whole-plant responses to these defoliation patterns. The degree to which changes in root/shoot allocation patterns contributed to the differences in shoot regrowth among the defoliation treatments is uncertain. Greater compensatory shoot growth at the expense of root growth could have negative effects on future tussock performance, particularly with soil moisture or mineral nutrient limitations and belowground competition.
The timing of defoliation, particularly in relation to the physical environment and the phenology of the plant, can have important implications for plant regrowth (Binnie et al. 1980; Olson and Richards 1988) and the competitive balance among plant species (Bentley and Whittaker 1979; Crawley 1983; Caldwell et al. 1987) . In caespitose grasses, such as A. desertorum, the susceptibility of active meristematic tissue to herbivory varies seasonally. During the rapid production of leaf blade area in the spring, active meristems remain near the soil surface and escape removal. In late May, during culm elongation, the apical and intercalary meristems are elevated and become increasingly susceptible to removal. If these meristems are removed from A. desertorum, production of new leaves must come from the activation of quiescent basal meristems. This is a relatively slow process compared to continued foliage production from active intercalary meristems (Richards and Caldwell 1985; Briske 1986 ).
In these experiments, the results of late-May clipping demonstrate the importance of how defoliation patterns may affect active meristems. Uniform defoliation in late May removed all apical and intercalary meristems and resulted in no compensation in aboveground biomass production relative to control plants (Fig. 7) . In contrast, the removal of either upper or lower leaf blades left active intercalary meristems intact and resulted in full compensation. The equal regrowth of tussocks from which upper or lower leaf blades were removed was unexpected because those two patterns removed different-aged leaf blades. Thus, in the late-May clipping, the impact of the spatial pattern of defoliation on plant meristems had greater consequences for tussock regrowth than changes in foliage age structure.
The timing of defoliation can also affect the relative influence of different defoliation patterns even when plant meristems are not removed. In our study, active meristems were left intact in the two leaf-blade removal patterns in both mid-and late-May defoliations. Although the compensatory growth response was different in -lower and -upper plants after clipping in mid-May (Fig. 1) , it was equal in those two treatments following late-May defoliation (Fig. 5A ). This could have been due to factors such as changes in the developmental state of the intercalary meristems or smaller differences in photosynthetic characteristics of different-aged foliage in late May. Mendoza et al. (1987) found that the relative effects of different defoliation patterns of an understory palm depended upon the developmental state of the plant even though effects on meristems remained the same.
Knowledge of the mechanisms through which different defoliation patterns affect regrowth is crucial in order to predict the effects of various herbivore defoliation patterns. Carbon availability was probably the principal constraint to leaf blade production following the mid-May clipping because water and mineral nutrients are relatively abundant at that time of year. Fertilization of A. desertorum with nitrogen and phosphorus in the spring of a wet year did not produce measurable increases in tussock growth (M. Mazurski, unpublished data). Mezistematic limitations to growth are also small due to the abundance of active apical and intercalary meristems (Richards and Caldwell 1985; Briske 1986 ). The primary source of carbon for A. desertorum in the spring is current photosynthate because pools of soluble carbohydrate available for regrowth are relatively small (Richards and Caldwell 1985) . The availability of carbon for shoot regrowth could be affected by allocation patterns of photoassimilate. The proportion of photosynthate used for shoot growth is greater in young leaves than older leaves because of the proximity of younger foliage to the active shoot meristems (Watson and Casper 1984) . Removal of younger leaves could affect shoot regrowth more than the removal of older leaves simply due to these source-sink relationships. However, more recent investigations with A. desertorum indicate a strong relationship between the total amount of photoassimilate produced and regrowth differences following defoliation in these spatial patterns (Gold and Caldwell 1989a) . Thus, it is likely that the observed differences in regrowth following mid-May clipping were primarily due to differences in the effects of the clipping patterns on factors influencing tussock photosynthesis and carbon balance (e.g., foliage age structure and canopy microclimate). The consequences of these defoliation patterns for such factors and for tussock gas exchange will be considered in subsequent papers (Gold and Caldwell 1989b) .
Experimental evaluations of plant response to defoliation should include consideration of the spatial pattern in which herbivores remove foliage, as this clearly have important consequences for regrowth. Furthermore, the timing of herbivore activity can have a large influence on the consequences and severity of different defoliation patterns. The results of these experiments indicate that whole-plant response to defoliation should be assessed in the context of relevant patterns of foliage and meristem removal.
